Abstract：Tilt and heading angles information of a remotely operated vehicle (ROV) are very important in underwater navigation. This paper presents a low-cost tilt and heading estimation system. Three single-axis rate gyros, a tri-axis accelerometer, and a tri-axis magnetometer are used. Output signals coming from these sensors are fused by two Kalman filters. The first Kalman filter is used to estimate roll and pitch angles and the other is for heading angle estimation. By using this method, we have obtained tilt (roll and pitch angles) and heading information which are reliable over long period of time. Results from experiments have shown the performance of the presented system.
Introduction
Tilt and heading estimation is an important step in the design of an ROV since estimated angles are used in the lowest control loop to balance and navigate the vehicle. Commercially available products for this task provide good quality but tend to be expensive and heavy. In applications where budget is small like ours, developing a low -cost tilt and heading estimation system while still providing high accuracy is necessary.
There are several kinds of sensor from which we can obtain tilt (roll and pitch) and heading information. For tilt measurement, following sensors are mostly used. The first is inclinometer. The sensor output is proportional to the tilt angle with respect to the field of gravity. To address the above problems, we need a fusion method to fuse signals coming from these kinds of sensor. In [1] , Baerveldt and Klang have analyzed the problem of fusing inclinometers and gyros using linear complementary filter and frequency domain analysis. A similar filter has been recently used by Klaus Loffler et al in [2] for estimating tilt of a Biped robot. However, they only considered planar motions.
Vaganay, Aldon, Fournier [3] proposed a tilt estimation system for a mobile robot using
Extended Kalman filter to fuse data from accelerometers and gyroscopes. This method, however, requires that non gravitational acceleration has to be removed from the accelerometer output by using wheel encoder information. It is, therefore, inapplicable to ROV. Another Extended Kalman filter was presented by Barshan and Durrant-Whyte in [4] , [5] where error model of gyroscope was constructed for estimating the heading angle of the robot. They showed that the error in heading estimation can be improved at least by factor of 5 if an adequate error model is supplied. Nevertheless, they found that additional information from some absolute sensing mechanism is necessary to overcome long-term drift. In [6] , Ojeda and Borenstein introduced a new Fuzzy Logic Expert rule-based navigation method for fusing data from multiple low-to medium-cost gyroscopes and accelerometers in order to estimate the tilt and heading of a mobile robot. But encoder information is required to resolve the "standing and moving" ambiguity. More recently, in [7] , Rehbinder and Hu developed a linear Kalman filter for sensing tilt angles. 
Thus, a transformation from reference to body axes may be expressed as product of these three separate transformations as follows:
Similarly, the inverse transformation from body to reference axes is given by:
2.2 Tilt and heading determination using rate gyro
Rates of rotation of the body frame relative to the reference frame can be expressed in terms of the derivatives of the Euler angles,
, called "Euler rates". Specifically, Euler rates and rate gyros are related by [8] :
1 sin tan cos tan 0 cos sin sin cos 0 cos cos
where ωx, ωy, and ωz are the rates of rotation of the body around the respective axes of the body frame and are measured using rate gyros. If initial Euler angles and rate gyros data are known, we can calculate Euler angles by solving (6) using numerical integration. However, as mentioned above, there always exist errors in rate gyros such as axis misalignment, fixed bias, drift bias, and so on. These errors cause the integration result to drift from the true values as a function of time.
Tilt determination using accelerometer
Since the accelerometer in this application is fixed to the body, it provides a measurement of specific force in the
. We have [8] :
( )
where C , rearranging (7), we have:
When the body is not accelerating, an=0, we can write:
From (9), tilt angles are calculated as:
It should be noted that the tilt determination using (10) is true only if the body is not accelerating. When the body is accelerating or vibrating, tilt angles calculated from accelerometer measurements are erroneous. 
Heading determination using magnetometer
where φ and θ are tilt angles (roll and pitch) of the vehicle's body. This technique is often referred to as tilt compensation or electronically gimbaling.
In previous works [10] , [11] , tilt angles which are used for tilt compensation is determined by using accelerometer measurements.
As mentioned above, this method has good performance when the body is static but turns to be very erroneous when the body is accelerating transformers, large metal structures, etc. These interferences will distort, or bend, the earth's field which will result in heading angle error.
Compensating for error due to magnetic interferences is not a trivial task.
Design tilt and heading estimation system
Each method presented in previous section has advantages and disadvantages. Method using rate gyro has good performance in short time but results in drift after long period.
Meanwhile, method using accelerometer has good performance when the body is under non-acceleration state but is erroneous when the body is accelerating or vibrating. Method using magnetometer has no drift but is correct only in the absence of magnetic interference. Therefore, a fusion method is necessary to exploit advantages of each method. A proposed fusion method will be presented in following section.
Hardware design
Tri-axis accelerometer 
Fig. 2 Tilt and heading estimation system block schematic
In our approach, three single-axis rate gyros, a tri-axis accelerometer, and a tri-axis magnetometer are used (Fig.2) . The direction cosine matrix n b C may be calculated from angular measurements provided by the rate gyros using following equation [8] :
where Ω is the skew matrix C may be calculated from:
Tri-axis accelerometer
Note that the third column of b n C is independent of yaw and that if that column could be estimated, then it would be possible to extract pitch and roll from it [7] . Denote x is the third column of
from (14) we have:
For notational simplicity, we redefine S (ω)=(Ω) T and have following equation:
Note that ||x||=1 due to that x is a column of a rotation matrix and thus has to be of unit length. Denote h is sample time and assume that the turn rate vector
ω(t)= ωk=[ωkx ωky ωkz]
T for then we have the discrete time model: Consider x as state vector and introduce a process noise w incorporating inaccuracies in modeling and gyro noise, the state transition equation is:
where wk is presumed uncorrelated, zero-mean, and Gaussian with constant variance Qk.
A. Estimation under non-acceleration
Consider accelerometer measurement
fb=[fxb fyb fzb]
T as measurement vector z.
When the accelerations are so low that we can consider as zero, from (9), the measurement equation can be written:
where vk is the measurement noise vector which models accelerometers noise as well as high-frequency accelerations. vk is presumed uncorrelated, zero-mean, and Gaussian with constant Rk. And ( )
where Kk represents the Kalman gain matrix and are computed from the matrix Riccati equations given by [12] : ( )
The estimated state vector ˆk x is not of unit length. To guarantee the constraint ||x||=1 as mentioned above, we can write [7] :
B. Estimation under acceleration
When the system is under acceleration, the measurement noise vk is large and we can set the measurement noise covariance matrix Rk to infinity. Therefore, Kalman gain matrix Kk=0 and state vector is estimated as:
It means that when the system is under acceleration, tilt estimation is only based on rate gyros data. The same as non-acceleration case, the estimated state vector is modified by (22).
C. Acceleration detection
The problem is how to detect acceleration or rather, to detect non-acceleration. Recall that the accelerometer model is 
It means that at non-accelerations state, the specific force b f is moving on the sphere with radius of 1g. This condition must hold for certain amount of time before the system is considered under non-acceleration state [7] .
D. Tilt calculation
As defined above, the state vector x is the third column of rotation matrix . From the estimated state vector
, we can estimate tilt as:
( ) 2 1â rcsin , arcsinĉ os Compensation method for error due to each kind of interferences will be presented. To compensate for deterministic magnetic interference, compensation method presented in [13] has been used. Two scale factors Xsf 
Consider ψ as state variable, x, and introduce a process noise w incorporating inaccuracies in modeling and gyro noise, the state transition equation is: (27) where sin cos , cos cos
with h is sample time and k w has variance k Q .
Note that φ and θ has been estimated by tilt estimator.
From magnetometer measurement, b m , solve (11) and (12), we have heading angle
Consider MAG ψ as measurement variable, z, and introduce a measurement noise v which models the magnetic sensor noise, the measurement equation is: ( )
where k k represents the Kalman gain and are
given by:
(1 )
When the magnetometer is affected by non-deterministic magnetic interference, magnetometer data are invalid and we can set the measurement noise variance rk to infinity.
Therefore, Kalman gain matrix kk=0 and state vector is estimated as:
It means that when non-deterministic magnetic interference exists, heading estimation is only based on rate gyro data.
The problem is how to detect non-deterministic non-deterministic magnetic interference doesn't exist [14] . From estimated state variable ˆk x , the estimated heading angle is:
C. True North compensation
After compensating for tilt, deterministic and non-deterministic magnetic interference, we obtain heading angle with respect to magnetic North pole. Compensating for deterministic magnetic noise has been achieved by rotating the system about yaw axis 360 degrees with tilt angles are zeros.
Experiments
While the system is rotating, magnetometer data are sent to computer. Y axis output versus X axis output is plotted in Fig. 8 .
We can see that the circle's centre is slightly shifted from coordinate's origin.
However, the circle is hardly deformed. It means that the system is affected by hard Caruso's approach [13] are shown in Fig. 9 .
We can see that when the cell phone passes the system, heading error of Caruso's approach reaches 0.2 rad while our approach is just 0.05 rad. It has verified that by using our proposed method, heading error due to non-deterministic has decreased remarkably. 
